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Abstract

The purpose of this brief review is to examine resistance training responses of

selected hormones related to acute stress and growth promoting actions. Hormonal

mechanisms appear to be involved with both short-term homeostatic control and long-

term cellular adaptations. Few studies have modeled the exercise stimulus in

resistance training to determine the role of different exercise variables to the hormonal

response. A variety of resistance exercise protocols result in increases in peripheral

hormonal concentrations. It appears that single factor variables such as the intensity

(% of RM) of exercise and amount of muscle mass utilized in the exercise protocol

are important determinants of hormonal responses. The volume (sets x repetitions x
etserci se appears r i x

intensity) of also to be an important determinant of hormonal

response. Still. little is known with regard to other single and multiple factor

variables (e.g.. rest period length) and their relationships to peripherial hormonal

alterations. Collectively. such information will allow greater understanding concerning

the nature of the exercise stimulus and its relationship to training adaptations

resulting from heavy resistance exercise. V ," ,
JJ
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INTRODUCTION

It has been established that heavy resistance training results in muscle tissue

growth and strength development. Acute resistance exercise provides strong stimuli

which activate the neuroendocrine system. When attempting to understand these

neuroendocrine responses. the diversity of both the physiological roles of each hormone

and the specific exercise stimulus must be considered. Hormonal mechanisms most

assuredly help mediate both short-term homeostatic control and long-term cellular

adapations to resistance exercise and training.

Few studies have tried to model the exercise stimulus in resistance training when

examining hormonal responses. This is necessary, if we are to identify the specific

exercise variables which alter peripheral circulating concentrations of hormones (25).

The type of exercise (e.g. leg press or bench press), the order of exercise (e.g. large

muscle group vs small muscle group), the rest period lengths. the load (i.e. % one

repetition maximum). and number of sets are variables which might all effect the

endocrine responses to resistance exercise. The specific combination of these variables

in different resistance training programs may be related to the effectiveness of the

exercise stimulus in eliciting training adaptations. This brief review examines the

resistance training responses of selected hormones related to acute stress and growth

promoting actions.

ANDROGENS

The differences in muscular development between males and females have been

attributed to the anabolic actions of the male sex hormone testosterone (2.15).

Primary and secondary sex characteristics are also dependent upon testosterones,

androgenic actions.
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Hypothalamic gonadotropin releasing hormone stimulates the secretion of both

anterior pituitary gonadotrophins. luteinizing hormone (LH) and follicle-stimulating

hormone (FSH). LH provides the primary stimulus for production of testosterone in

the interstitial cells of Leydig in the testes. FSH appears to potentiate the

effectiveness of LH in testosterone production. Testosterone is also produced in small

amounts from cells in the zona reticularis of the adrenal cortex. In females this may

represent a major source of testosterone.

It has been suggested in the literature that testosterone may act in an

anticatabolic or anabolic role in the muscle. The majority of evidence now indicates

that testosterone acts as an anabolic hormone through a direct interaction with a

cytoplasmic receptor leading to the typical migration of the hormone-receptor complex

to the nucleus, resulting in RNA synthesis and muscle protein accumulation (17).

Dramatic differences are apparent in this mechanism when examining skeletal muscle

and reproductive tissue. In skeletal muscle there is typically preferential binding of

testosterone rather than dihydrotestosterone to the muscle receptor(17).

Several mechanisms have been proposed to explain exercise induced increases in

peripheral circulating testosterone including: increased hemoconcentration. reduction in

the clearance rates from hepatic and extra hepatic (e.g. adipose tissue) sites, and

stimulation of . receptors in the testis (10.13.24.17). Differences in response may be

due to age. health and fitness levels (33.40). Also. the effects of an anticipatory rise

prior to exercise must be evaluated in some research designs: resting testosterone

values range from 14.0 to 28.0 nmol*L "1 (48). It is possible, due to the long half

life of testosterone originating from three metabolic pools. that significant effects could

be realized from exercise induced increases (29). Previous studies have demonstrated



5

that both high intensity aerobic and anaerobic exercise induces increases in serum

testosterone concentrations (10.13.27.28.43).

Examining heavy resistance exercise Fahey and co-workers (16). utilizing the

deadlift exercise with a high intensity (i.e.5RM) and low volume (i.e. one exercise and

five sets) exercise protocol. demonstrated an increased post-exercise serum testosterone

value regardless of the skill level of the subject. Conversely. Guezennec and co-

workers (19) found no changes in serum testosterone values pre-to post-exercise when

a moderate intensity (i.e. 8 repetitions at 70% IRM) and low volume (i.e. one exercise

and seven sets) bench press exercise protocol was utilized. Volume effects were

suggested in a study by Weiss and co-workers (46) who observed that a moderate

intensity (i.e. 80% IRM) and moderate volume (i.e. 3 sets of 4 exercises) exercise

session resulted in a post-exercise increase in serum testosterone concentrations.

These studies suggest that three exercise variables may effect the serum testosterone

concentrations following an acute bout of resistance exercise. These include the

intensity of the exercise (i.e % IRM). the volume of the exercise (i.e. mass x

repetitions x sets) and the amount of muscle tissue used in the exercise protocol.

Thus. there may be a threshold intensity, volume and muscle mass necessary to

produce increases in testosterone concentrations. The impact of other single exercise

variables (e.g. rest period length) of other combinations of variables (e.g. low intensity

and high volume) on testosterone concentrations remains to be determined.

Evidence suggests that resting testosterone concentrations may remain unaltered

by resistance training. One exception to this finding was demonstrated by Stone and

co-workers (40) in older (42*12 yrs) untrained males where increases were observed

over 12 wks of resistance training. The significance of this observation remains to be

established.
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Whether testosterone acts in an anticatabolic role to produce its anabolic actions

in the muscle cell by displacement of cortisol from the gluccorticoid receptor is

debatable. Still, the testosterone/cortisol ratio has been used as an indicator of

changes in the body's anabolic-androgenic activity. All resistance training programs

may not result in an increased testosterone/cortisol ratio. Hakkinen and co-workers

(21) reported an increased resting testosterone/cortisol ratio after 16-20 weeks of

heavy resistance training. A subsequent decrease was observed over 12 weeks of

detraining. Conversely, Guezennec and co-workers (19) observed no increases in the

resting testosterone/cortisol ratio over 16 weeks of strength training. Since both

studies observed increases in strength over the training period, the precise factors

which effect the testosterone/cortisol ratio remain to be established, as well as the

exact contribution made by testosterone in any anticatabolic role in skeletal muscle.

Still. Hakkinnen et al. (21) was able to demonstrate significant relationships between

maximal isometric leg extensor strength and testosterone/cortisol ratios during the last

four weeks of a 24 week training program. Recently. Hakkinen and co-workers (20)

have shown testosterone/sex hormone binding globulin ratios to be related to maximal

strength weightlifting performances.

Limited data showing no changes in testosterone concentrations following heavy

resistance exercise have been reported for high school age males (16). Fahey (16)

postulated that this was attributed to a possible lack of experience and motivation.

It is also possible that the exercise stimulus in this situation was not of adequate

intensity or volume to elicit increases for this age group.

The majority of studies reported have not shown increases in serum testosterone

concentrations for females following heavy resistance exercise or training (16.23.46,47).
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In a recent study by Cumming et al. (12) who addressed previous research design

problems (e.g. anticipatory rise), a significantly higher resting baseline for total

testosterone was observed for trained subjects compared to inactive controls. The

resting and exercise responses in this study may have been due to better basal

quantification and an exercise protocol which utilized short rest periods (1 min).2

multi- exercise protocol with high intensity and volume. Still. the significantly higher

resting and exercise induced concentrations of testosterone in males are factors

hypothesized to contribute to differences in muscular hypertrophy in males and

females.

The possible compensatory response and role of other hormones (e.g. growth

hormone and somatomedians) in females to heavy resistance exercise, and subsequent

muscle tissue growth has yet to be examined. Estrogen responses to heavy resistance

exercise remain unknown. There have been few reports of the effects of estrogens on

muscle tissue growth (17). To date, a direct anabolic role for estrogens in muscle

tissue growth remains to be established (14.17).

GROWTH HORMONE AND SOMATOMEDINS

The secretion of growth hormone (GH) is controlled by the hypothalamus (32).

The hypothalamus contains growth hormone-releasing hormone (GH-RH) and growth

hormone inhibiting hormone. somatostatin. The synthesis. metabolism and release of

hypothalamic hormones are thought to be regulated by a number of neurotransmitters

(e.g. dopamine, serotonin, norepinephrine). Thus. modulation of GH-RH and

somatostatin release controls GH secretion. Many other factors have been shown to

influence GH release including gonadal. thyroid and adrenal hormones (32). Whether

it is via a direct or indirect mechanism of action is unclear. Endogenous opioid

peptides exert another level of control and can influence GH release by acting on
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hypothalamic teurotransmitters or by acting directly on somatostatin or GH-RH

secreting neurons (6.38). Physiological stimuli such as exercise. sleep. diet and stress

all can stimulate GH release via hypothalamic interactions (8.9.11.28.32).

For over 50 years it has been realized that GH is essential for normal growth of

skeletal muscle. In addition. GH has been shown to be involved in a wide variety of

biological actions related to maintaining the body's normal structure and metabolic

function (18.38.39). However, when examining skeletal muscle development it is not

possible to attribute all anabolic effects of GH in muscle to a stimulation of cell

proliferation especially in post-mitotic mature muscle (17). One must also keep in

mind the importance of multiple hormone interactions related to skeletal muscle

growth when evaluating endocrine ablated and hormone treated animal studies (17).

Of particular interest is the question whether GH acts directly or via a

somatomedin-mediated mechanism in skeletal muscle. Somatomedians appear to be

highly involved in regulatory feedback and GH release (1.5). It has also been

demonstrated that a number of other tissues, besides liver, can produce somatomedins

(22). Somatomedins are active in the stimulation of anabolic processes in muscle and

the majority of evidence indicates that GH acts through somatomedin activity (17).

Insulin can act through both somatomedin and insulin receptors to enhance muscle

tissue growth (17). It appears that anabolic actions of insulin on muscle may be

mediated by a decreased rate of tissue proteolysis. Direct and indirect interactions

between insulin's potential anabolic actions and the catabolic actions of glucocorticoids

remains to be fully elucidated. Furthermore, the relative contributions and time course

of insulin and somatomedin activity to exercise induced muscle tissue growth remains

;3rx ,n ,~ ~ ,-, ... ,, ..a.., .
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to be demonstrated. Some problems have arisen with interpretation due to insulin's

crossreactivity with somatomedin receptors. No data are available which have

examined responses of somatomedins to resistance exercise.

Only limited data are available regarding the responses of circulating

concentrations of GH to resistance exercise (31.37.45). The exact contribution of

exercise-induced alterations GH to muscle tissue growth and the importance of heavy

resistance exercise as an exercise modality used to elicit these changes remains to be

determined.

VanHelder and co-workers (45) and Lukaszewska and co-workers (31) have shown

that it is possible to stimulate increased serum concentrations of GH following an

acute resistance training exercise session. It would appear from these two studies

that the intensity (i.e. the mass lifted) of the exercise is an important factor for

production of increased serum concentrations. This was demonstrated by an absence

of change when 28% of a 7RM was used to perform 21 repetitions in 30 sec for

seven sets of a leg press exercise (45). Conversely. heavier loads ranging from 85%

of a 7RM (45) to 70-85% of a IRM (31) in an olympic lift resulted in increased

serum concentrations of GH following exercise (1.8 baseline to 4.5*0.4/yg.L -1 and 6.2
1-

- 3.9 to 44.0 _ 29.0 vg.L "1 . respectively). The effects of higher volumes of

exercise (i.e. set x repetitions x loads) and/or higher intensities (i.e % IRM) remains

to be determined. Also. the effect of resistance exercise on concommitant

somatomedin production is yet unknown. It has been proposed that both lactate

and/or the oxygen deficit may have regulatory roles for GH responses to resistance

training (45). It has also been demonstrated that hypoxia, changes in body

temperature during the exercise session, fitness, changes in clearance rates and

hemoconcentrations may also effect GH and thus somatomedin responses
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(7.8.37.41.42.44). More research will be needed to determine the exact contribution of

different exercise variables and their relationships to observed hormone concentrations

and training adaptations.

Only scant data are available concerning changes in serum GH values with

resistance training. Again. Lukaszewska and co-workers (31) showed no differences in

immediate-post exercise serum GH concentrations over 3 years following a 30 min

Olympic weight lifting session (i.e. 18-25 snatch lifts at 70-85% max). Mean

differences were observed in 30 min post-exercise values. These changes may be

related to differences in the subjects age. absolute loads used or possible circadian

differences in GH pulsatile frequency and amplitude. Considerably more research is

needed to evaluate the meaning of GH alterations in peripheral blood and how it

relates to long-term training adaptations.

ADRENAL HORMONES

The adrenal glands were first described by Eustacchio in 1563 and their functions

remained relatively unknown until the 1800's when Addison described symptoms of

individuals who had diseased adrenals (3). By the early 1900's the concept of "split

functions" for the adrenal gland became a viable hypothesis. Over the past 30 years

further elucidation of adrenal function and hormonal content, including endogenous

opioid peptides (i.e. enkephalins). have been realized.

Cortisol

The adrenal cortex has long been connected with "stress" responses. Over 50

years ago. Selye reported enlargement of the adrenal cortex and development of a

-- ."+,P ' " , ,, ', +,,.r .,, ,,.; ",. +-,,,. .- ,..;'% . -.~% -~ ., , ,+. , . .. .. .. ...
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stress syndrome" resulting from a variety of noxious agents. Stressful events

including exercise cause release of adrenocorticotropic hormone (ACTH) from the

anterior pituitary. Secretion of ACTH is regulated primarily by corticotropin releasing

factors. and may also be influenced by catecholamines and other hormones. It

stimulates the synthesis of corticosteroids in the adrenal cortex. In turn. elevated

cortisol levels in the blood provide negative feedback on ACTH release from the

pituitary thus creating a major cybernetic regulatory pathway (3).

Increased serum cortisol concentrations have been observed following acute bouts

of resistance exercise. Similar changes have been observed for various heavy

resistance exercise routines (12.19.26). Studies have also demonstrated the absence of

any changes (19.31). In all of these studies the effects of blood drawing methods.

circadian differences, measurement time course and psychological factors cannot be

ruled out as possibly masking the effects of the resistance exercise on the magnitude

of cortisol changes observed.

The catabolic actions of glucocorticoids in skeletal muscle have become established

(3). It also appears there may be considerable variation in glucocorticoid effects on

protolytic enzymes in different muscle fiber types. The modulation of these actions

are also related to many other factors including hormonal interactions (e.g. insulin.

testosterone, growth hormone etc.) and diet. The final result is a net gain or loss of

muscle proteins (17).

How cortisol changes interact with different resistance training programs requires

more clarification. The potential use of this hormone or a specific ratio with another

hormone (e.g. testosterone/cortisol or insulin /cortisol) to indicate potential

"overtraining syndromes" or indicate the training status of the individual also requires

further study.

* q p *
' - ' ' ' _ v , j . - . - .'-*-,,.- . - . , ,. , , \
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Catecholamines

Walter Cannon recognized the potential roles and rapid responses of the

sympathomedullary system to acute physiological stress. Physical activity, including

acute resistance exercise, results in a release of epinephrine and norepinephrine from

the adrenal medulla and sympathetic neurons (30). In addition to typical epinephrine

and norepinephrine incteases. Kraemer and co-workers observed significant (26)

increases in dopamine values following a high intensity, low-rest bodybuilding type

exercise protocol. This observation was attributed to the possible inability to convert

dopamine to norepinephrine due to limitations in enzymatic conversion (4) under such

severe exercise conditions (<1 min rest, plasma lactate >20 mmolL-1). Changes in

catecholamine metabolism in response to resistance exercise appear to be primarily

related to the force of muscular contraction, the amount of muscle tissue stimulated.

and the frequency of force application (i.e. amount of rest between sets and

repetitions). Exercise protocols. which utilize multi-exercise and high intensity

resistance exercise.. produce catecholamine concentrations similar to heavy anaerobic

sprint and cycle exercise which are greater than those values reported consequent to

aerobic activities.

Few studies have examined the effects of catecholamines on skeletal muscle

growth. It has been observed that eprinephrine may produce additive effects on rate

limiting reactions in protein metabolism (17).

Resistance exercise training had been shown to reduce the magnitude of

epinephrine response to a single bench press exercise protocol. while lactate production

increased (19). No training changes were observed for plasma norepinephrine despite

significant strength gains. Whether similar results would be observed if larger muscle

V,~
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groups were involved. or if multi-exercise sessions were used. remains to be

determined.

FUTURE TRENDS

It is quite obvious that a great deal of research is still required to fully

understand the mechanisms which explain circulating hormonal responses to resistance

exercise and training. The net effects of hormone release are related to complex

interactions with other hormones. cell receptors, nuclear acceptors. external factors and

the type of resistance exercise stimulus. The relationship between peripheral hormonal

alterations and resistance training adaptations. related to muscle strength and a

variety of tissue changes. need to be examined. Both in vivo and in vitro studies

appear necessary. Collectively, such information will allow greater understanding of

the physiological mechanisms involved in the adaptation to heavy resistance training.
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-Figure 1: Testosterone responses to -resistance exercise as it relates to -an
intensity-volume continuum (16.19.46). =p<0.05.
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